Abstract: We introduce a new device based on self-phase locking inside an Optical Parametric Oscillator containing two crystals. The device generates directly frequency-tunable polarization entangled beams. Developing quantum memories constitutes an essential milestone on the route towards quantum communication networks [1] . As it is difficult to directly store photons, the quantum information has to be stored in a material-based quantum system. A particularly promising application for polarization-entangled light is the ability to couple it with atomic ensembles: the algebra describing the quantum properties of polarized light via Stokes operators [2] is exactly the same as that describing the quantum properties of atomic spin be it single or collective spins. Quantum state exchange between light fields and matter systems has been recently experimentally demonstrated and it has been shown that such systems can be used as quantum memories [3] . In addition, from a technical point of view, the use of polarization states offers simpler detection schemes, without the need for local oscillators. These features make the study and experimental generation of non-classical polarization states of first importance for continuous variable quantum communication. Such polarization-entangled beams in the continuous variable regime have been recently produced experimentally with injected type-I phase-matched Optical Parametric Oscillators (OPOs) below threshold or using χ (3) effects in a cloud of cold [4] . All these methods require linear interferences of two quadrature-entangled modes with two bright coherent states, which limit the amount of entanglement reached and the simplicity and scalability of the setup.
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We investigate here a new approach to directly generate polarization-entangled light without the need of mode mixing [6] .
Two identical type-II phase matched (χ (2) ) crystals oriented at 90
• and two birefringent waveplates are inserted inside a ring cavity. Signal and idler fields are resonant but the pump is not enhanced. The setup sketched in Fig. 1 .
The two crystals are placed with their neutral axis orthogonal in a cavity containing two birefringent waveplates for adjustable linear coupling. Each crystal generates a pair of signal (ω = ω a ) and idler (ω = ω b ) beams and the waveplates couple together the two signal beams and the two idler beams so that phase locking can be achieved in a non-frequency degenerate operation. The system is studied using the Jones matrix formalism [7] . One shows that, above the oscillation threshold, the system emits two beams denoted by indices a and b at frequencies ω a and ω b with a fixed polarization state thanks to the phase locking.
The entanglement of the system is evaluated through the so-called inseparability criterion expressed for the Stokes parameters [2, 8] 
When this condition is met, the state is entangled. Using the standard linear input-output formalism, one a2088_1.pdf QMG1.pdf can obtain the fluctuations of the normalized Stokes parameters of each beam and thus the relevant spectra
where Ω is the analysis frequency normalized to the cavity bandwidth, Ω =
is the incident amplitude normalized to the threshold amplitude and c is the coupling constant, c = 2ρ/κ. As a function of these spectra, the inseparability criterion 1 now reads
(Ω) ≥ 1.
As Ω and c go to zero, the two spectra go to zero and so does their sum so that the system is entangled (Fig. 1, right) .
The system is found to directly generate two-color polarization-entangled beams without the need for mode mixing. The two-crystal OPO would be thus a useful resource for the field of continuous-variable quantum information as non-classical polarization states are well coupled to atomic ensembles which can be used as quantum memories and form the basic block required for quantum networks. Furthermore, we believe that the experimental implementation of this device is very interesting for potential parallel processing as it would be a new step towards extending the dimension of the phase space experimentally accessible.
